Major issues of NBI power supplies are a high-speed switching, regulation and transmission of dc ultra high voltage, and suppression of surge energy input to the beam source at breakdown. A GTO(gate turn off thyristor) inverter type power supply where the control is performed at low voltage ac side was designed for the ITER NB. Based on the remarkable progress of a high power IEGT (injection enhanced gate transistor), the design of the inverter has been modified to increase an efficiency and compactness using such new elements. A power loss in the inverter is reduced to be 30% of the GTO inverter system. For the transmission line of the dc UHV with intermediate voltages, a disk shape multi-conductor bushing with a transmission line test chamber has been developed. Dimensions of the bushing are 1.8 m in diameter and 140 mm in thickness at the edge. Electric fields at the conductor surface and insulator surface were designed to be lower than 5 kV/mm and 7 kV/mm, respectively. An electric field at the bottom of the ground potential outer conductor was designed to be lower than 1.2 kV/mm to prevent particle levitation which triggers breakdowns.
I. INTRODUCTION
Required functions of a power supply system for a MeV class negative ion based neutral beam injector(NBI) are to supply dc ultra-high voltage(UHV) with protection both of a beam source and the power supply itself from electric breakdowns. The breakdown of the NBI beam source is considered to be unavoidable phenomena for high power operation.
When the breakdown occurs in the beam source, the power supply cuts off the short circuit.
After certain period of interruption, the high voltage is turned on again to continue the beam injection. High voltage dc switches like a tetrode, GTO(Gate turn off thyristor) or IGBT(Insulated gate bipolar transistor) were utilized in the ion beam acceleration power supplies whose voltages were < 200 kV. Such dc switches can not be applied for the 1 MV power supply of negative ion based NBI, because reliability of the dc switch with a large number of elements becomes low. Therefore an inverter controlled power supply system has been developed [1] [2] [3] [4] . The system eliminates the switch in the dc high voltage line.
A GTO inverter system based on the JT-60 N-NBI power supply [1] [2] [3] [4] was designed for the ITER NB power supply [5, 6] . According to the recent progress of the high power and high frequency semiconductors, the inverter using new element of IEGT(Injection enhanced gate transistor) has been designed to reduce power loss in the inverter.
Not only generation and control the dc UHV, but also transmission of the UHV from the power supply to the beam source was another R&D issue in the 1 MV NBI power supply system. A prototype transmission line with a multiple conductor bushing which is a key element has been developed in the ITER EDA [7] . Another important function of the NBI power supply is to operate the ion source without electric damage even the breakdown occurs.
Though the main circuit current is cut off by the high speed switching system like the inverter mentioned above, a stored energy at the stray capacitance can flow into the ion source independently. Surge suppression system is essential to reduce such energy input to protect the beam source from degradation of the voltage holding. Core snubber is one of the effective elements to block and absorb the stored energy input to the accelerator at the breakdown.
Materials of magnetic core should be selected based on dynamic properties of the cores. A nanocrystalline magnetic material [8, 9] is one of the candidates for the compact core snubber.
In the present paper, these key technologies developed at JAERI for the NB power supplies are reported.
II. A 1 MV POWER SUPPLY USING IEGT INVERTER
Conventional dc switch at the high voltage line can not be adopted for the UHV dc power supply for NBIs. The inverter controlled power supply has been developed in the JT-60 N-NBI power supply whose capacity is -500 kV, 64 A, 10 s [1] [2] [3] [4] . Both the voltage regulation and high speed switching are controlled by the GTO inverter at the low voltage primary side of the dc power supply. The ITER NB acceleration power supply system whose capacity is -1,000 kV, 59 A, 1,000 s had been designed in EDA [5, 6] based on the JT-60N-NBI power supply.
High power and high frequency elements are required to control MW power supply like the JT-60N-NBI and the ITER NB. IGBT(Insulated gate bipolar transistor) can control higher frequency than that of GTO, but capacity is smaller than that of GTO. Only GTO could be adopted in the JT-60 N-NBI in those days. Considering recent progress of high power semiconductor elements, design of the GTO inverter can be changed to high power IEGT (Injection enhanced gate transistor) inverter [10] . Performance of the IEGT is reaching the GTO in handling power which is higher than that of IGBT. Operational frequency is one order higher than that of GTO and similar to IGBT. Figure 1 shows the comparison of these semiconductor performances.
GTO requires powerful snubber circuit and gate power supply, because GTO is an element controlled by gate current. However IEGT does not need such a large snubber circuit and gate power supply. The IEGT is a gate voltage controlled element similar to IGBT. By adopting the IEGT inverter, a total electric loss in the inverter is reduced to 30 % of the GTO inverter. This means that a 1.6 MW loss in the GTO inverter at the ITER NB power supply can be reduced to 0.5 MW for the inverter output frequency of 150 Hz. A space for the gate power supply and the subber circuit surrounding the GTO can be reduced. As a result, a volume of the inverter panel will be decreased to 60 % of the original GTO inverter panel.
For the 1 MV power supply, three sets of a single phase inverter whose capacity is 1.64 MVA are connected in parallel for one phase of a transformer [5, 6] . A circuit diagram of the IEGT single phase inverter is illustrated in Fig. 2 . Nine sets of the inverter(three paralleled x three phase) are utilized for one stage of acceleration power supply to generate dc -200 kV. Design criteria of electric field strengths at the bushing and conductors was decided based on the reports for high voltage insulation in the gas [11] [12] [13] [14] . Table 1 shows the design criteria of the electric field for the multi-conductor bushing. Figure 5 shows the corresponding points of the electric field on the bushing. The breakdown electric field is about 11 kV/mm at triple junctions of the insulator bushing attaching the metal flange and conductors. The design target is smaller than 7 kV/mm for the triple junctions. An insert electrode is necessary to reduce electric field concentration at the ground potential conductor attaching the bushing. Breakdown electric field is about 17 kV/mm at the surface of the insert electrode to the bushing edge. Design criteria was set as lower than 10 kV/mm. Particle levitation should be considered to avoid breakdown due to metal particle jump up from the ground potential conductor. Particle levitation electric field is about 1.8 kV/mm for 5 mm metal particles which was assumed at this design [11] [12] [13] . Distribution of all conductors and configuration of the bushing were adjusted to lower the electric fields.
A material of the bushing is alumina powder mixed with epoxy resin. This material is widely used for bushings for gas insulated substations(GIS) which are mainly ac transmission system. Dimensions of a disk shape bushing are 1.8 m in diameter, and 140 mm in thickness at the edge. This size is 90% reduction of the ITER NB transmission line. A configuration of the bushing is illustrated in Fig. 6 . The bushing was mounted in the transmission line test chamber which is shown in Fig.7 [7] . The bushing was attached between two tanks. A testing high voltage was supplied from a feed through. A conductor of the feed through was The input energy to the accelerator was designed smaller than about 1 joule for the low energy NBIs, namely positive ion based NBIs, where the accelerator gap length were about 10-20 mm and the operating voltages were lower than 200 kV [15, 16] . However, an accelerator of negative ion based NBI has longer gap range of 50 cm for the 1 MeV acceleration. There are some reports that show the longer gap allow higher input energy. It was reported that 50 Joule was allowable at the experiment using a simple vacuum gap [17] .
For the JT-60 N-NBI power supply, it was reported that the measured surge current and estimated input energy to the ion source was 3.4 kA and 8 joule, respectively [3] . In the ITER NBI power supply designed by JAERI, design target for the surge suppression was set as <3
kA and <10 joule [5] .
To reduce the surge energy input to the beam source, core snubbers and reactors with resistors(LR) are utilized [5] . The LRs are adopted to components where the stray capacitance is concentrated such as insulated transformers. The LR is connected on the secondary output of the transformer to suppress the surge current from the stray capacitance between the secondary winding and the primary winding. Such reactor is a zero-phase reactance which can act as inductance only for surge current. It does not affect the normal current for the power supply operation. Stored energy at all other parts should be blocked. The core snubbers dissipate the surge energy flown from the stray capacitances which exists various parts of the high voltage. Therefore the core snubber should be installed at the nearest position from the beam source to block the surge input from these stray capacitances.
Performance of the core snubber is equivalent to the inductance with paralleled resistor. To absorb the energy at breakdown, the core material which has enough inductance without saturation is required. Magnetic core materials should have high saturation magnetic flux density and high permeability for high frequency surge. Inductance of the magnetic core is given by a following equation:
where µ r is relative permeability, S is effective area of the core, and le is magnetic path length.
High µ r is essential for the effective core snubber system. It is necessary to see not only saturation magnetic flux, but also dynamic magnetic properties to choice core material for high frequency surge. For example, a Fe-base amorphous core has a high saturation magnetic flux of 1.5 T for static magnetic properties, however the dynamic magnetic properties is very low at high frequency region. Comparison of the magnetic properties for these materials is shown in Fig. 9 and Fig.10 . Core snubbers using Fe-based nanocrystalline soft magnetic materials (FINEMET) Ρ [18] developed Hitachi Metals ltd. is a candidate for the core snubber in the MV NBI power supply. Magnetic materials which have higher magnetic saturation flux and higher permeability at high frequency region of MHz can make smaller core snubber system.
V. SUMMARY
Major subjects for the 1 MV NBI power supply system has been discussed.
Generation, control, and transmission of the dc UHV, and surge suppression are essential issues for the 1 MV NBI power supply system. Described technologies in this paper are fundamental for the 1 MeV negative ion based NBI system. In addition to these technologies, noise reduction and surge suppression for the detailed part of control and diagnostic circuits are quite important for system reliability. Fixation of potential in power supply control circuit is required to avoid malfunctions and electric damages from the breakdown surge. Such countermeasures against the surge propagation have to be considered sufficiently at the design. In addition to this, it is necessary to take enough time to test and regulate the power supply system with spark gaps, dummy loads and real load of the beam source to complete the reliable system. 
